Photo-thermal actuation has been used to program the resonant frequency of a VO 2 -coated SiO 2 micro-bridge. The SiO 2 micro-bridge had nominal length, width, and thickness of 300, 45, and 4.15 µm, respectively. The thickness of the VO 2 coating was 150 nm. The changes in resonant frequency are caused by stress changes on the bimorph structure during the coating's insulator-to-metal-transition. A total of 13 resonant frequency memory states ranging from 215.5 to 222.7 kHz were programmed by laser pulses of increasing energy in steps of 0.7 µJ, focused on the micro-bridge structure. The device was maintained at 60 • C during programming experiments, and the memory was reset by driving the temperature outside the hysteresis loop. After programming the device to a particular resonant frequency, the memory state was stored for more than 24 h as long as the sample was maintained at the pre-heating temperature of 60 • C.
Introduction
In 1953, an electric oscillator with programmable resonant frequency was proposed [1] . It consisted of a closed-loop system, where a voltage was stored in a capacitor, just like in the typical solid-state based memories used for data storage nowadays. More recent work has demonstrated that energy pulses can be stored in optical resonators by controlling the coupling coefficient, but the performance in terms of volatility and energy consumption is still behind embedded dynamic random access memory (eDRAM) technologies [2] .
In micro-electro-mechanical systems (MEMS) the operation frequency is usually determined by the resonant frequency of the mechanical element. When the micromechanical element can be tuned to different resonant frequencies, the utility of the now 'reconfigurable' system is significantly improved and the spectrum of possible applications broadens. Furthermore, if an array of individual micro-mechanical elements can be programmed to different frequency responses, they can be considered cells of a MEMS-based frequency memory array.
The work presented here is different from that related to common data memory cells in that the parameter being programmed is not a high or low voltage that can be interpreted as a logic '1' or '0' bit. The parameter being programmed is instead the resonant frequency of a micromechanical resonator. The technology introduced herein represents the practical development of the fundamental building block for a MEMS-based mechanical memory array (i.e. the memory cell). The idea of programming the resonant frequency of an array of MEMS resonators was developed theoretically for pattern recognition and neurocomputing [3] . However, implementation of the proposed idea required an array of comb-drive oscillators with symmetrical electrical coupling, which has not materialized. Other applications where the presented MEMS-based memory cell may find use are in energy harvesting of mechanical vibrations and tunable MEMS-based filters or oscillators. With respect to the former, highly adaptive resonant frequency harvesters have been developed to accommodate the large frequency shifts in the vibrations of the equipment, which utilizes highly complicated and expensive MEMS structures operating in their nonlinear region [4] . A proof-of-concept for the latter has already been demonstrated [5] . A technology truly comparable with the present work, where individual micro-mechanical resonators were programmed to different resonant frequency states, could not be found in the literature.
The MEMS device being introduced is a resonant frequency memory cell, which consists of a simple SiO 2 micro-mechanical bridge structure, coated with a VO 2 thin film. The programming actuation is performed by laser pulses, similar to the actuation used to program mechanical displacements of VO 2 -coated silicon cantilevers in [6] , allowing for individual programming of each micro-mechanical resonator. This paper begins by describing the memory capability of VO 2 thin films (section 1.1). Section 2 explains the details related to the fabrication of the SiO 2 bridge and VO 2 deposition (section 2.1), and the measurement system used (section 2.2). Despite the ease of fabrication of the presented structure, the structural analysis might become confusing if not explained properly. Therefore, a thorough explanation of the microstructural changes during VO 2 deposition and the under-etching effects are included in section 3. The results and discussion are presented in section 4, and conclusions in section 5.
Memory in VO 2
A system with hysteresis is a system whose response will depend on its history. The nonlinear hysteretic behavior of such systems allows for different responses to the same stimulus, or the same response to different stimuli. The output or response of such systems will persist until an additional input is entered or until the system is driven out of the hysteretic region, i.e. the system's output consists of 'programmable' states enclosed by the hysteretic region. This programming capability only exists within the hysteretic region, where a major loop encloses a set of minor loops that delineate the different states (see figure 1) . Therefore, the different states can be programmed by following the corresponding minor loop. In order to erase the system's history (or memory), the system needs to be driven to a region outside the hysteresis (i.e. the system needs to be reset). Resetting the system may be done in different ways, depending on the nature of the hysteresis and the location of the starting point with respect to the hysteresis loop. For example, the magnetization process of a ferromagnetic material can be reset by exposing the material to oscillating magnetic fields of decreasing amplitude, which decreases the induced magnetic field in the material with every cycle. In the magnetization case, the starting point is inside the hysteretic region; therefore, a change in the magnetic field causes a magnetization curve enclosed by the major hysteretic curves. In the case of the thermally induced hysteresis in VO 2 , the process is based on different principles. 'Resetting' in this case can be effected by simply cooling the sample below the temperature at which the material's properties begin to change, or above the temperature at which they stop changing. The temperature at which the VO 2 material's properties begin to change depends on several film properties (e.g. grain size, stoichiometry, intentional or unintentional doping), but for stoichiometric VO 2 films, for which the phase transition temperature is close to 68 • C, room temperature is normally below the hysteretic region. Since it is necessary to operate within this temperature region in order to exploit the memory capability, the VO 2 film must be pre-heated and maintained at a temperature within the insulator-to-metal-transition (IMT) and near its starting point. This pre-heating stage was carried out in [7] and [8] , where the drastic changes in the electronic properties of VO 2 were used to develop memristors and metamaterials. It was also done in [9] , where the abrupt changes in the optical properties (particularly IR transmission) in VO 2 allowed for the demonstration of multiple electrical and optical states in VO 2 ; and it was also done in this work to demonstrate multiple resonant frequency states in a programmable VO 2 -coated SiO 2 micro-mechanical bridge.
In order to select a pre-heating temperature for the sample used, the resonant frequency of a VO 2 -coated SiO 2 micro-mechanical bridge structure with a nominal length of 300 µm was measured as the sample went through a heating-cooling cycle that traversed the entire hysteresis loop (from 30-90 • C) using a Peltier heater (see section 2 for details about the measurement setup). This experiment generated curves of the major heating and cooling loops shown in figure 1 , where the typical hysteretic behavior of VO 2 is exhibited. It is noted that the major heating loop begins to change drastically at a temperature of ∼60 • C. Thus, the pre-heating temperature used in this work was 60 • C. Subsequent heating-cooling cycles of decreasing magnitude were performed, which produced the minor loops shown. Of course, not all possible minor loops are included in figure 1. The resonant frequency values at a particular temperature represent only some of the possible resonant frequency memory states in the VO 2 -coated SiO 2 bridge. For example, from figure 1, at 60 • C, the range of 'programmable' resonant frequencies can be seen to be in the approximate region between 215 and 235 kHz. The exact frequency states will be determined by the input sequence, which in this work was established in the form of increases in temperature caused by laser pulses.
Experimental procedures
2.1. SiO 2 micro-resonators and VO 2 deposition A 4.15 µm thick SiO 2 layer was deposited on standard p-type 4 silicon (Si) wafer by using gigascale integration plasma-enhanced chemical vapor deposition (GSI PECVD) at a temperature of 350 • C. The SiO 2 was patterned using reactive ion etching (RIE) and standard lithography techniques to form a set of micro-bridge structures with lengths from 100 to 500 µm, which shared the same anchor. The Si wafer was then diced to form chips of 7.5 mm 2 in area. The SiO 2 micro-resonators were released by isotropic etching of the Si substrate using xenon difluoride (XeF 2 ) gas. The isotropic etching also removed part of the Si underneath the anchors, creating an undercut effect that changed the effective length of the micro-bridges. This undercut was considered in the subsequent analysis.
A chip containing the released SiO 2 micro-bridges was attached with silver paste to a glass substrate. A 150 nm thick VO 2 film was then deposited on the sample (glass substrate and chip) by pulsed laser deposition (PLD) in a vacuum chamber with a background pressure of 10 −6 Torr. During deposition, gas flows of 10 sccm (Ar) and 15 sccm (O 2 ) were independently adjusted using mass flow controllers to result in a chamber pressure of 50 mTorr. Once the deposition pressure and temperature conditions were met, the substrate heater was adjusted to 550 • C. Laser ablation of a vanadium metal target followed, using a krypton fluoride excimer (λ = 248 nm) laser with fluence 4 J cm −2 , pulse duration ∼20 ns, and repetition rate of 10 Hz. After VO 2 deposition, the chip was detached from the glass substrate, which was then used for XRD analysis and for measuring the VO 2 film thickness by scanning a surface profiler across the VO 2 film step created by the removal of the chip. Figure 2 shows the measured resistance of the VO 2 film as a function of temperature-measured from the same sample used for XRD-for a single heating-cooling cycle across the IMT, which demonstrates that the film coating the SiO 2 cantilevers is indeed a vanadium oxide film with stoichiometry at least closer to VO 2 than to any other form of vanadium oxide. XRD θ -2θ scans showed only peaks from the VO 2 film that correspond to reflections from the (011) monoclinic (M 1 ) planes. This showed that, although the films are polycrystalline, they are well oriented, with (011) monoclinic planes parallel to the substrate surface. Figure 3 (a) shows a SEM image of a released set of uncoated SiO 2 micro-bridges from a chip, which during the fabrication process was next to SiO 2 micro-bridges that were later coated with VO 2 . Figure 3 (b) shows a SEM image of the set of micro-bridges after VO 2 deposition, on which the resonant frequency programming measurements were made. Several observations can be made from the figures, the most obvious being the difference in buckling before and after VO 2 deposition. This is discussed and explained in section 3.1 of this paper.
Measurement system and procedure
The measurement setup used, shown in figure 4, was very similar to the one described elsewhere [5] . Resonant frequency measurements were conducted in a small chamber with an optical window, at a pressure below 10 mTorr. A 5 mW He-Ne laser was used for measuring the bridge's resonant frequency, while a current-controlled laser diode (CCLD) (λ = 635 nm, maximum power = 350 mW) was used to provide the heating light energy pulses that programmed the resonant frequency of the VO 2 -coated SiO 2 micro-mechanical bridge. It was verified that the optical irradiation from the He-Ne laser (after the losses caused by the beam splitters, lenses and window) did not cause an increase in temperature sufficient to influence the phase transition of the VO 2 coating. The CCLD laser was focused at the center of the micro-bridge at an incidence angle of ∼45 • and with a spot size of ∼75 µm, which overfilled the bridge. The power output of the CCLD was calibrated using an optical power meter (Thorlabs model PM100D) and it was verified to be a linear function of the laser's input current. Power losses caused by the glass window and the neutral density filter were measured and found to be around 8% and 70%, respectively, for practically the entire power range, as expected.
The chip was attached to a Peltier heater using conductive silver paste. For the experiments presented here, it is important to ensure that the temperature increases monotonically during the pre-heating process in order to follow the major heating loop. A small temperature increase-decrease sequence in the pre-heating process may cause the VO 2 transition to enter a set of minor hysteretic loops, which would significantly reduce the range of programmable frequencies. Therefore, the Peltier heater was computer-controlled in closed-loop configuration with a temperature error of +/−0.1 • C. The heater system's only purpose is to maintain the sample at the chosen temperature of 60 • C throughout the experiment. The very low mass of the cantilever itself compared to those of the thermally bonded chip and heater body ensures that the latter acts as a heat sink as long as its temperature is varied sufficiently slowly. Both lasers in the setup, the He-Ne laser used for measuring and the CCLD used for heating the bridge, had spot sizes much smaller than the chip and were aimed at the bridge itself; moreover, the combined laser power was low enough that bridge irradiation did not have a measurable effect on the temperature of the massive chip and heater. The thermocouple that monitored the pre-heating temperature was attached on the Peltier heater surface and ∼1.5 cm away from the chip. Once the sample was at a stabilized temperature of 60 • C, the CCLD laser diode was computer-controlled to provide laser pulses of increasing power as described in section 4.
3. Micro-bridge structural analysis 3.1. Uncoated and VO 2 -coated SiO 2 micro-bridge structures It is known that the resonant frequency of a buckled microbridge structure increases with increasing axial compressive stress, while the opposite is true for an unbuckled microbridge [10] (see figure 5 ). Since the actuating phenomena behind the experiments reported here are induced by changes in stress of the micro-mechanical bridge, it is important to determine their structural state. In the following, the uncoated SiO 2 micro-mechanical bridge is considered first ( figure 3(a) ), followed by the VO 2 -coated case ( figure 3(b) ).
Due to the deposition of SiO 2 at 350 • C, the microbridges are under thermal stress at room temperature (30 • C). Because the oxide growth was performed by PECVD, intrinsic stress in the as-deposited films can be assumed to be small compared with the thermal stress developed during cooling [11] . Assuming the Si and SiO 2 material properties shown in table 1, this thermal stress (σ int ) at room temperature can be estimated from σ int = E SiO 2 (α SiO 2 − α Si ) T to be approximately 52.4 MPa. The compressive stress that will cause buckling of the SiO 2 micro-bridge (i.e. the Euler buckling limit) is given by σ E = −π 2 E SiO 2 h 2 /3l 2 , where E SiO 2 , h, and l are the modulus, thickness, and length, respectively, and the minus sign denotes compressive stress. If a perfect micro-mechanical bridge structure experiences a compressive stress above the Euler limit, the two buckling directions have the same probability of occurring. Imperfect structures will show preference on a particular buckling direction, depending on the dominant structural defect source. In [12] , this buckling issue was studied for thermally grown SiO 2 bridges on a Si crystal substrate. For two primary imperfections studied it was found that imperfections related to partially clamped boundaries generated a bending moment that results in buckling downwards (the −z direction in figure 3(a) ), but the magnitude of this moment decreased as the bridge length increased. On the other hand, imperfection associated with the gradient residual stress on the bridge generated a bending moment that results in buckling upwards (+z direction in figure 3(a) ), and the magnitude of this moment was independent of the length of the micro-bridge. This helps in identifying the dominant mechanism causing buckling in the uncoated SiO 2 micro-bridges presented here, which contain both types of imperfections. The upward buckling observed for the SiO 2 micro-bridge with nominal length of 300 µm in this work suggests that, for this length, the dominant mechanism causing buckling is the gradient residual stress on the SiO 2 bridge. The downward buckling of the 200 µm long bridge indicates that, for this length, the gradient residual stress on the bridge is no longer the dominant mechanism, and that structural defects generate larger bending moments. The VO 2 deposition was done at a temperature of 550 • C, which is 200 • C beyond the SiO 2 deposition temperature. Again, only thermal stresses are considered in the following, since these are dominant in PECVD-grown films even during annealing at much higher temperatures [11] . As the temperature is increased from room temperature, the larger expansion of the Si substrate adds tension to the SiO 2 micro-bridges. Using the constants and analysis mentioned earlier, at a temperature of approximately 100 • C the SiO 2 micro-bridge with nominal length of 300 µm unbuckles (after the longer bridges have already unbuckled) and at the deposition temperature of 550 • C the uncoated SiO 2 micro-bridges are under a tensile stress of ∼32.8 MPa. After the VO 2 coating has been deposited, the temperature is decreased. When it reaches 100 • C, the VO 2 coating and the Si substrate have contracted more than the SiO 2 micro-bridges (see thermal expansion coefficients in table 1). At this point, the now coated micro-bridges experience a tensile stress due to the contraction of VO 2 (VO 2 is still in its tetragonal phase at this temperature), which is larger in magnitude than the compressive stress due to the Si contraction. Therefore, at a temperature of 100 • C, the VO 2 -coated micro-bridge is unbuckled and under tensile stress. When the temperature is further decreased to 30 • C, the VO 2 thin film transforms from its tetragonal phase to its monoclinic phase. During this transition, the volume of the VO 2 unit cell crystallite decreases slightly (actually, due to the lower symmetry of the monoclinic lattice in relation to the tetragonal lattice, the conventional unit cell is 'doubled' in the monoclinic phase in comparison with the tetragonal lattice [13] , so the volumes to be compared are those of the monoclinic unit cell and twice the volume of the tetragonal unit cell), but the area of the (011) plane bound by the unit cell-which is parallel to the surface of SiO 2 -increases. The expansion of this VO 2 plane and the contraction of the Si substrate (which is shrinking at a constant rate) add compression to the VO 2 -coated micro-bridge. However, this compression is not enough to cause buckling of the coated micro-bridge with a nominal length of 300 µm, which is the one with the lowest σ E . From this point on, the discussion is focused on the VO 2 -coated SiO 2 bridge with nominal length of 300 µm shown in figure 3(b) .
After VO 2 deposition, the bridge was ready for resonant frequency measurements as described in section 2, where the device temperature is raised to a value such that the VO 2 film material is within the phase transition region (60 • C). Just as in [5] , the change in stress that caused the resonant frequency shift in this work was effected by controlling the transition of the VO 2 coating from its monoclinic phase to its tetragonal phase in the laser-heated bridge. During this transition the coating (the (011) plane of the VO 2 microcrystals) contracts much faster than the Si substrate expands; therefore, tension is added to the micro-bridge during the heating cycle across the IMT of the VO 2 . Since the VO 2 -coated micro-bridge is unbuckled at room temperature, this increase in tension is expected to increase its resonant frequency, as was verified experimentally (see below). It should be noted that in [5] , the VO 2 was deposited under different conditions, and the VO 2 -coated micro-bridge was buckled at room temperature. In that case, the resonant frequency decreased with tension.
Under-etching effects
Previous studies on under-etched resonators (micro-cantilevers) resulting from an isotropic etching release step show that the under-etching effect can be taken into consideration by changing the length of the cantilever L to an 'effective length' L + L [14] . The resonant frequency for different modes was plotted as a function of 1/ (L + L) 2 , and a least-square fit was used to determine L. In the work presented in this paper, the value for l for the SiO 2 bridge with a nominal length of 300 µm was obtained from finite-element simulations as described below. For an unbuckled SiO 2 micro-bridge, the first mode resonant frequency (f 1u ) increases with added tension as described by [10] :
where κ 1 = 4.73, γ 1 = 0.2949, w is the bridge's width (45 µm in the present case), σ is the axial tensile stress, and A = wh and I = wh 3 /12 are the cross-sectional area and moment of inertia, respectively. Equation (1) is plotted as a function of axial stress σ in figure 5 for a 300 µm long SiO 2 bridge, using the properties in table 1. The entire structure containing the uncoated SiO 2 micro-bridges was modeled with the finite-element method simulation software COMSOL Multiphysics ( figure 6 ). The under-etching was included as measured from SEM images, including the protrusion, following the method described in [14] . Using COMSOL's Solid Mechanics Module, the resonant frequency of the SiO 2 bridge with a nominal length of 300 µm was obtained as a function of applied axial stress using the mechanical SiO 2 properties shown in table 1 (see figure 5 ). It was found that a length of l = 328 µm in (1) resulted in a match with the curve from the simulation. Therefore, hereafter the effective length of l eff = 328 µm is used for the bridge with a nominal length of 300 µm.
For the case of a VO 2 -coated SiO 2 micro-bridge, (1) can be modified by considering the film coating properties and dimensions in the E SiO 2 I and ρA products, respectively. Effective values were calculated by using [15] :
where the subscripts '1' and '2' are used to differentiate the film coating (VO 2 ) and bridge structure (SiO 2 ) parameters, Figure 7 . Plot of equation (4) using the parameters shown in table 1. The range of frequencies covered by the major heating and cooling curves shown in figure 1 and by the programming laser pulses are labeled.
respectively. Considering these effective values, the resonant frequency of an unbuckled VO 2 -coated micro-bridge can be expressed as:
The EI eff product was used also to calculate an effective Euler stress limit (σ E eff ) of −46.4 MPa for the 328 µm long VO 2 -coated SiO 2 micro-bridge by using:
Equation (4) is plotted in figure 7 as a function of axial stress (σ ) for the unbuckled 328 µm long, 45 µm wide, 4.15 µm thick VO 2 -coated bridge used for the frequency programming experiments. This graph will be used in section 4 to approximate the change in stress induced by the phase change of the VO 2 thin film.
Results and discussion
The measured resonant frequencies in the range of temperature where the IMT occurs (room temperature to 100 • C) are much larger for the uncoated buckled SiO 2 micro-bridge than for its VO 2 -coated version (440-426 kHz for the uncoated case, and 200-255 kHz for the VO 2 -coated case). This observation resembles the results in [5] , and can be explained by the difference in the slopes of the curves for a buckled and unbuckled bridge (see [10, 16, 17] ). In the present case, based on the trace of (4) in figure 7 , the measured room temperature resonant frequency of 200 kHz for the unbuckled VO 2 -coated SiO 2 micro-bridge case corresponds to a compressive stress of ∼16.42 MPa (∼30 MPa above the Euler limit), whereas the measured resonant frequency of 255 kHz at 90 • C (after the IMT) corresponds to a tensile stress of ∼3.37 MPa (∼50 MPa above the Euler limit). This indicates that the resonant frequency increase of 55 kHz is due to a net 19.79 MPa of added tensile stress across the IMT, considering the tensile stress added by the VO 2 contraction and Si expansion. This is, of course, assuming that the dominant factor affecting the resonant frequency of the VO 2 -coated SiO 2 micro-bridge is the stress induced by the contraction of the VO 2 thin film caused by its phase transformation, rather than the changes in temperature-dependent mechanical properties of the two materials composing the micro-bridge. This assumption was demonstrated in previous work [5] , but for illustrative purposes, the following explains the case for the VO 2 -coated unbuckled SiO 2 bridge presented in this paper.
The resonant frequency for a bimorph micro-bridge with no initial stress is given by the same (4) with σ = 0 (i.e. eliminating the second term inside the radical). For the VO 2 -coated SiO 2 micro-bridge presented here, if the changes in stress are neglected, and assuming no initial stress and an increase in the Young's modulus of SiO 2 of 5% (previous studies show lower increases [18] ), the measured change in resonant frequency across the IMT for this particular bridge of 28.5% (see figure 1) would have required an increase in the Young's modulus of VO 2 of 600%, which is not realistic, based on previous studies [19] [20] [21] . Assuming an initial stress different from zero-which is the case presented here-would have required an even larger change in the Young's modulus of VO 2 . Therefore, the axial stress is also the determining parameter in the change in resonant frequency of the VO 2 -coated SiO 2 micro-bridge tested. For simplicity, the mechanical properties (Young's modulus and density) shown in table 1 were assumed to be independent of temperature when used to generate the plots shown in figures 5 and 7.
After the VO 2 -coated sample was pre-heated to 60 • C, localized laser pulses from the CCLD were used to increase the temperature of individual micro-bridges. In this work, the laser pulses had a duration of 1 ms. From the CCLD calibration curve, the power of the first laser pulse was 1 mW (energy of 1 µJ), which after considering the ∼45 • incident angle, the bridge width, and the laser spot size, was approximated to 0.7 mW (energy of 0.7 µJ) delivered to the micro-bridges. The energy of subsequent laser pulses increased in steps of 0.7 µJ, with the last laser pulse delivering 9.1 µJ (13 pulses in total). Figure 8 shows the resonant frequency peaks measured after each pulse. Energy steps of equal magnitude would have bounded the resonant frequency states to values between the resonant frequency at the pre-heating temperature and the resonant frequency after the first laser pulse-significantly limiting the range of programmable frequencies. On the other hand, although subsequent pulses with increasing energies would yield a broader range of programmable frequencies (due to the larger heating excursions), they would have allowed a smaller number of possible resonant frequency states. An explanation for this statement follows.
The magnitude of the resonant frequency change due to a laser pulse will depend on the energy delivered by the laser pulse and on the location inside the hysteretic region of the resonant frequency state before the laser pulse is applied. Larger intensities and/or durations will result in more energy being delivered to the VO 2 film and larger increases in temperature, causing larger resonant frequency changes. In a separate experiment, it was observed that, starting at the pre-heating temperature, a single pulse delivering 2.8 µJ caused practically the same change in resonant frequency as four individual pulses delivering 0.7, 1.4, 2.1, and 2.8 µJ, respectively. Therefore, larger magnitudes of increasing energy steps result in lower possible frequency states. This effect has been observed before in the fully optical (optical reading and writing) memory states in VO 2 [9] .
The energy absorbed from the first laser pulse transiently increases the temperature of the VO 2 thin film, causing a change in resonant frequency that is expected to follow the major heating loop shown in figure 1. After the initial laser pulse, the sample returns to the pre-heating temperature of 60 • C following one of the minor cooling loops-because of the hysteresis, however, the bridge resonant frequency does not return to the same value as before the laser pulse. Subsequent laser pulses will increase the temperature again, but each time the resonant frequency change will follow a different minor heating and cooling loop, respectively, during and after each pulse. In the present case, it is not possible to actually measure the excursion of the resonant frequency after each laser pulse, since this would require real-time measurements of the resonant frequency during the laser pulses and during the decrease in temperature to 60 • C, which are processes lasting at most a few milliseconds-a single frequency sweep of the network analyzer takes ∼30 s. Figure 9 shows the resonant frequency states and the data for the major heating loop (shown completely in figure 1 ) corresponding to the temperature range of 60-64 • C. Since the minor loops that produced these frequency states cannot be obtained experimentally, it is not possible to match every laser pulse with a precise increase in temperature. However, the decrease in the change of resonant frequency with increasing energy pulses (see also figure 10 ) indicates that the minor cooling curves get closer to each other with intermittent increases in temperature of increasing magnitude. Practically, the heating pulse-induced resonant frequency changes of the VO 2 -coated micro-bridge saturate as a frequency of ∼222.7 kHz is approached. From figure 1, it can be noticed that this saturation frequency of 222.7 kHz is below the highest frequency value possible at 60 • C of 235 kHz, which is the frequency value in the major cooling loop at 60 • C.
Therefore, there is a trade-off between the range of programmable frequencies and the number of programmable frequency states. Since the magnitude of the increasing steps is discretionary, the magnitude of the increasing energy steps of 0.7 µJ was considered to be a convenient value to demonstrate the resonant frequency memory states in this work. The laser pulses were triggered every 2 min, which allowed enough time to measuring the resonant frequency after each pulse. It was observed that after each pulse, the resonant frequency of the micro-mechanical bridge did not change notably until the next pulse was triggered. Furthermore, in a separate experiment, it was observed that the frequency 'state' of the micro-bridge could remain essentially unchanged for more than 24 h, with a shift of only 80 Hz (better than 0.04%), as long as the heater maintained the device at a constant temperature of 60 • C.
The programming of frequency states reported in this paper was found to be repeatable after 'resetting' the memory of the VO 2 thin film.
Conclusion
A MEMS-based multiple state mechanical resonant frequency memory has been demonstrated. The resonant frequency states have been programmed with the use of laser pulses from a CCLD. The programmable states are located at the pre-heating temperature resonant frequency values of minor cooling curves, and were found to remain for more than 24 h, as long as the sample is kept at the pre-heating temperature of 60 • C. The stress levels experienced by the micro-bridge (before and after VO 2 deposition) have been described. One question that remains to be answered and is the subject of ongoing research is the effect of the VO 2 thin film thickness on the induced stress in the mechanical structure. The presented device represents the cell of a micro-mechanical-based frequency memory array.
